The fungicide tolprocarb (TPC) is a melanin biosynthesis inhibitor, but it may also have another mode of action. Here in tests of TPC for inducing plant systemic acquired resistance (SAR), TPC induced promoter activity of the tobacco pathogenesisrelated gene PR-1a in Arabidopsis thaliana and genes for PBZ1, β-1,3-glucanase, and chitinase 1 in the defense-related salicylic acid (SA) signaling pathway in rice, but not genes for the jasmonate signaling pathway. Probenazole (PBZ), a commercially used plant defense activator, induced genes in both signaling pathways. The antibacterial activity of TPC was equivalent to that of PBZ. Irrigation with 200 μM TPC prevented growth by Pseudomonas syringae pv. maculicola in A. thaliana, and 30 μM TPC inhibited Xanthomonas oryzae pv. oryzae growth in rice. The results of this study suggest that TPC functions not only as a melanin biosynthesis inhibitor but also as an SAR inducer and is applicable as a novel bacterial control agent that induces SAR activity in both A. thaliana and rice.
Introduction
Tolprocarb (TPC) is a fungicide that is used to control rice blast, which is caused by the fungal pathogen Magnaporthe grisea, and is recognized as a member of the group of the polyketide synthase inhibitors of melanin biosynthesis (melanin biosynthesis polyketide synthase inhibitor, MBI-P; Banba et al. 2017; Hamada et al. 2014) . TPC controls M. grisea by inhibiting melanization of appressoria, a process that is essential to increase turgor pressure (8 MPa) and facilitate physical penetration of host cell walls (Chumley and Valent 1990; Howard et al. 1991) . TPC also inhibits the dispersal of conidia from conidiophores, but it does not affect other fungal stages, such as conidia formation and germination, appressorial formation or mycelial growth (Araki et al. 2015) . In practice, TPC is potent when applied to M. grisea, including those strains that are resistant to scytalone dehydratase (SH) inhibitors of melanin biosynthesis (melanin biosynthesis dehydratase inhibitors, MBI-Ds) and quinone outside inhibitors (Schindler et al. 2019) .
Previous studies have shown that carpropamid, which is an MBI-D, was reported to activate systemic acquired resistance (SAR) in plants by inducing the production of some pathogenesis-related proteins and diterpene phytoalexins (Araki and Kurahashi 1999; Kuchii et al. 2002; Thieron et al. 1988 ). However, its control of infection of any plant pathogens has not been attributed to the induction of SAR activity; thus, whether the infection control offered by carpropamid is in fact due to inducing systemic immunity is still unclear.
SAR is a nonspecific systemic immunity system in plants (Horvath and Chua 1994) and induced by the signaling compound salicylic acid (SA) (Malamy et al. 1990; Mertraux et al. 1990) . Two genes involved with the Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1032 7-019-00891 -5) contains supplementary material, which is available to authorized users. SA-signaling pathway, NPR1 and WRKY45, regulate various pathogenesis-related genes, such as PR-1, PR-2, PR-5, and PBZ1, which encode pathogenesis-related proteins such as glucanase and chitinase. NPR1 and WRKY45 also regulate the phytoalexin synthetic pathways (Lattanzio et al. 2006; Van Loon and Van Strien 1999) . Similarly, jasmonic acid (JA) is a key compound of the JA-signaling pathway, which regulates a group of defense-related genes such as PDF1.2 and VSP1 (Tamaoki et al. 2013 ). Pathogenesis-related proteins induced by JA defend plants against pathogenic fungi and herbivores (Stintzi et al. 2001; Vijayan et al. 1998; Wang and Wu 2013) . The SAand JA-signaling pathways interact in a coordinated manner during plant defense responses. Pathogenesis-related genes are not regulated independently from both signaling pathways. For example, PR-1b, commonly used as a marker of defense resistance, is induced by both SA and JA treatments (Agrawel et al. 2000) .
Bacterial diseases pose major challenges to crop production globally, due to the limited availability of control strategies. Although some antibiotic compounds control bacteria on crops, the emergence of drug-resistant bacterial isolates is a particular problem. However, plant defense activators can control bacterial diseases without triggering the development of resistant strains. For example, acibenzolar-S-methyl, or probenazole (PBZ), is reported to control bacterial and viral activity through the induction of pathogenesis-related genes (Hong et al 2011; Iwai et al. 2007; Midoh and Iwata 1997; Soylu et al. 2003; Takeshita et al. 2013; Yoshioka et al. 2001) . Numerous substances that enhance SAR have been reported, including synthetic chemicals, natural products such as rare sugars, and microorganisms such as avirulent Pseudomonas syringae (Cameron et al. 1994; Kano et al. 2010) .
In this study, we investigated the TPC-responsive expression of defense-related genes and bacterial disease resistance in Arabidopsis thaliana and Oryza sativa to determine the SAR-inducing activity of TPC.
Materials and methods

Solutions of TPC and PBZ
TPC was manufactured and supplied by Mitsui Chemicals Agro (Tokyo, Japan); PBZ was purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). For the trials, except for the gene expression analysis in rice, the compounds were dissolved in dimethyl sulfoxide (DMSO) at 25 g/l. For gene expression analyses in rice, all compounds were dissolved in acetone at 25 g/l to avoid any potential phytotoxicity associated with DMSO.
Monitoring PR-1a gene expression in A. thaliana
Trials to monitor the promoter activity of PR-1a were done as described previously (Ono et al. 2011) . In brief, transgenic A. thaliana seeds harboring the tobacco PR-1a promoter-Fluc (firefly luciferase) reporter gene fragment (PR-1a::Fluc) were germinated in water in 96-well microplates. TPC or PBZ dissolved in DMSO was added to the water with the new seedlings, and the final concentrations were adjusted to 30 µM. The seedlings were incubated in a growth chamber (constant light at 20 °C). To monitor PR-1a::Fluc activity, we added d-luciferin before observing the activation of bioluminescence by the Fluc reporter. Bioluminescence images were obtained with a VIM camera (Hamamatsu Photonics, Hamamatsu, Japan) using the photon counting method and normalized to respective luminescence at 0 h (relative activity). PR-1a::Fluc activity was monitored at 0, 24, 48, 72, 96, 120, 144, 168, 192, 216 , and 240 h after treatment. Means (±SE) were calculated from six replicates.
Alternatively, A. thaliana seedlings were grown on 1/2 Murashige and Skoog (MS) medium containing sucrose (10 g/l) for 3 weeks in a growth chamber (constant light at 20 °C). Adult plants were then transplanted into water in 12-well microplates and incubated for 48 h in a growth chamber. After incubation, 30 µM of TPC and PBZ were applied to the water. PR-1a::Fluc activity was observed 96 and 120 h after treatment. Means were calculated from three replicates with standard errors, and statistical differences among respective data were determined by Tukey's test.
Control activity of TPC and PBZ against Pseudomonas syringae pv. maculicola in A. thaliana
Resistance of adult A. thaliana to Pseudomonas syringae pv. maculicola (MAFF 730010; Psm) was evaluated on 5 ml 1/2 MS agar media containing sucrose (10 g/l) in 6-well microplates. Three-week-old plants were incubated in a growth chamber (constant light at 20 °C). TPC and PBZ were dissolved in DMSO at concentrations of 25 g/l and diluted in distilled water to give final concentrations of 200 µM each. TPC or PBZ (0.5 ml/well) were applied to agar 10 days before inoculation with bacteria. Psm cells were prepared by washing the bacterial cells from a Petri dish culture with distilled water and adjusting the concentration to 1 × 10 5 colony forming units (CFU)/ml. Three leaves on each 31-day-old plant were infiltrated with the inoculum using a needleless syringe. The population of Psm in leaves on day 3 after inoculation was quantified using DNA-based real-time PCR and normalized against the plant DNA as described previously (Ross and Somssich 2016) . Three leaves collected from a single plant were combined to form a replicate, with three replicates used to calculate the mean and standard error. Significant differences among treatments were determined using Tukey's test.
Monitoring the expression of pathogenesis-related genes in rice
The expression of pathogenesis-related genes in rice, Oryza sativa L. cv. Nipponbare (japonica group), was analyzed by quantitative-reverse transcription (qRT)-PCR. Rice plants were grown to the three-leaf stage in Kimura B broth in growth chambers (16 h day at 26 °C, 8 h night at 22 °C). TPC and PBZ were dissolved in acetone at concentrations of 25 g/l. Acetone solutions were added to the broth to give final concentrations of 30 μM TPC and 30 or 100 μM PBZ. The third leaves of six rice seedlings were collected at 24 and 72 h after treatment, and total RNA was extracted with an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). cDNAs were synthesized immediately using PrimeScript RT reagent Kit (Takara Bio, Otsu, Japan). The qRT-PCR reactions were carried out with a LightCycler 480 (Roche, Basel, Switzerland) using TB Green Premix Ex Taq II (Takara Bio). Gene expression analyses were conducted for 10 pathogenesis-related genes, including PBZ1 (AK071613), PR1b (AK107926), POX22.3 (AK073202), β-1,3-glucanase (AK104862), chitinase 1 (AK059767), KSL7 (AK068310), CYP99A2 (AK071546), RBBI2-3 (AK064050), RCI-1 (AK072241), and NOMT (AB692949). Actin (AK06893) gene expression was used to normalize the expression levels of target genes. The qRT-PCR primers used for the genes have previously been reported (Table 1) (Cho et al. 2004; Hasegawa et al. 2014; Kano et al. 2010; Miyamoto et al. 2014a ). The ΔCt (dCt) values were calculated, and the means and standard errors were obtained from six replicates; − ΔΔCt (− ddCt) values were calculated based on dCt values of acetone sections. Statistical differences among respective dCt data were determined using Tukey's test.
Control activity of TPC and PBZ against Xanthomonas oryzae pv. oryzae in rice
Rice (Oryza sativa L. cv. Nipponbare) seedlings were grown in a greenhouse to the five-leaf stage in 45-mmdiameter plastic pots with autoclaved sterilized soil collected from Agro Research Center, Mitsui Chemicals Agro, Ibaraki, Japan. Solutions of TPC or PBZ in DMSO (25 g/l) were diluted in water to give final concentrations of 30 μM each. A volume of 2000 μl of the solution was applied to the soil for each plant, and the seedlings continued to grow in the greenhouse. The plants were inoculated with bacterial culture 10 days after the chemical treatments. Xanthomonas oryzae pv. oryzae (MAFF 210749) Table 1 Sequences of gene-specific primers for rice pathogenesis-related protein genes used for expression analysis
Target gene
Gene name Primers (5′-3′) Accession Refefences (Xoo) cells grown on Luria-Bertani (LB) medium were collected with distilled water and adjusted to 1 × 10 5 CFU/ ml for inoculation. Fifth leaves of rice seedlings were inoculated using a clipping technique (Kauffman et al. 1973) , then the seedlings were incubated in a growth chamber (16 h day at 25 °C, 8 h night at 20 °C). After 10 days, the length of lesions on inoculated leaf blades was measured. The means and standard errors of 16 replicates for each treatment were calculated, and significant differences among treatments were determined using Tukey's test.
Results
Monitoring PR-1a gene expression in A. thaliana
Tobacco PR-1a promoter gene expression in A. thaliana plants treated with 30 μM TPC or PBZ was evaluated using PR-1a::Fluc activity. In seedlings, PBZ accelerated PR-1a gene expression from 120 h after treatment, whereas TPC accelerated PR-1a gene expression from 96 h after treatment. The acceleration and peak period of TPC activity were observed earlier than those of PBZ (Fig. 1a ). In the second trial using adult A. thaliana plants, PR-1a::Fluc bioluminescence activity was determined at 96 and 120 h after treatment in water. The results clearly indicated that the PR-1a promoter was induced in response to treatments with TPC and PBZ (Fig. 1b, c) .
TPC and PBZ control of Psm in A. thaliana
When the DNA of Psm in A. thaliana was quantified after the TPC and PBZ treatments, bacterial population had been reduced compared to the DMSO section ( Fig. 2a ). However, due to large standard errors, the difference between the Error bars indicate standard error. a PR-1a::Fluc reporter activity in A. thaliana seedlings. Seedlings were dipped into liquid medium containing TPC or PBZ. Relative activity was assessed at 0, 24, 48, 72, 96, 120, 144, 168, 192, 216 , and 240 h after treatment. b PR-1a::Fluc reporter activity in 3-week-old A. thaliana leaves. Compounds were added to agar around the roots. Relative activity was assessed at 96 or 120 h after treatment. c Bright-field and Fluc luminescence images from 3-week-old A. thaliana plants treated with TPC. Fluc luminescence was measured using the photon counting method. Bright-field images 96 h after treatments and Fluc luminescence images 96 and 120 h after treatments with 30 µM TPC or PBZ are indicated. Significant difference between treatment and DMSO in Tukey's test: *P < 0.05, **P < 0. DMSO dimethyl sulfoxide, TPC tolprocarb, PBZ probenazole PBZ and the DMSO (control) treatments was not significant (Fig. 2) .
Monitoring pathogenesis-related gene expression in rice
After treatment with TPC or PBZ, the qRT-PCR showed that two genes, PBZ1 and β-1,3-glucanase, were significantly upregulated by 24 h after treatment with 30 μM TPC, and chitinase 1 was induced by 72 h. PBZ at 100 μM upregulated the expression of PBZ1 and chitinase 1 by 72 h after treatment. Interestingly, PBZ upregulated RCI-1 at 72 h after treatment, but the gene was not upregulated after the TPC treatment. In fact, TPC significantly suppressed the expression of RCI-1 at 24 h after treatment. TPC and PBZ each reduced the expression of KSL7, CYP99A2 and RBBI2-3 by 24 after treatment, but no significant differences were found between the TPC treatment sections and the controls.
Control of Xoo by TPC and PBZ in rice
When control activity of TPC and PBZ against Xoo was estimated at 10 days after inoculation by measuring lesion lengths, lesions on TPC-and PBZ-treated leaves were significantly shorter than those on DMSO-treated rice leaves (Fig. 3) . Therefore, TPC and PBZ provided significant control of Xoo.
Discussion
The commercial potential of numerous compounds that induce SAR for the control of bacterial diseases has been explored in past studies. However, few compounds have proven effective; therefore, novel control agents are required. PBZ is recognized as a plant defense activator. PBZ and the metabolite 1,2-benzisothiazol-3(2H)-one 1,1-dioxide (BIT) induce SAR in A. thaliana, rice, and tobacco (Midoh and Iwata 1997; Nakashita et al. 2002; Yoshioka et al. 2001) .
In A. thaliana, TPC and PBZ similarly induced promoter activity of the tobacco PR-1a gene (Fig. 1) in adult plants. However, in new seedlings, TPC induced the activity faster than PBZ did. The reason for this is yet to be determined.
Our data revealed that TPC induces pathogenesis-related genes in rice. The SA-and JA-signaling pathways have important roles in rice defense against pathogens (Yamada et al. 2012; Yuan et al. 2007 ). In these defense-related pathways, SA regulates the NPR1 and WRKY45 pathways independently; NPR1 regulates pathogenesis-related proteins, whereas WRKY45 regulates the diterpene phytoalexin biosynthetic pathway (Miyamoto et al. 2014a; Nakayama et al. 2013; Shimono et al. 2007 ). In addition, lipoxygenase, which is regulated by JA, is also upregulated after the acceleration of the SA-signaling pathway by a plant defense activator such as PBZ (Shimono et al. 2007) . PBZ acts upstream of the SA-mediated signaling pathway in rice and A. thaliana and induces pathogenesis-related genes downstream of NPR1 and WRKY45, along with JA-related genes (Nakashita et al. 2002; Yoshioka et al. 2001) , although the detailed mechanisms remain unclear.
In the present study, the expression of seven of the 10 pathogenesis-related genes tested changed after treatment with the tested compounds: PBZ1, β-1,3-glucanase, chitinase 1, KSL7, and CYP99A2 related to the SA-signaling pathway and RBBI2-3 and RCI-1 related to the JA-signaling pathway (Cho et al. 2004; Hwang et al. 2008 Hwang et al. , 2016 Liu et al. 2005; Marla and Singh 2012; Miyamoto et al. 2014b; Rakwal and Komatsu 2000; Ryan 1990; Van Loon and Van Strien 1999) . KSL7 and CYP99A2 are associated with the diterpene phytoalexin pathway, KSL7 participates in the phytocassane synthesis pathway, and CYP99A2 participates in the momilactone synthesis pathway (Cho et al. . RCI-1 is a lipoxygenase gene that participates in the oxylipin biosynthesis process and is induced by plant defense activators such as PBZ and JA (Schaffrath et al. 2000) .
qRT-PCR analyses of the third leaves of rice seedlings revealed that TPC induced SA-related genes such as PBZ1, β-1,3-glucanase, and chitinase 1. In particular, PBZ1 and β-1,3-glucanase were induced just 24 h after treatment (Fig. 4) . However, no significant induction of JA-related genes was observed. After PBZ treatment, two SA-related genes, PBZ1 and chitinase 1, and one JA-related gene, RCI-1, were significantly induced, which is consistent with previous findings that PBZ induces both SA-related and JArelated genes (Iwai et al. 2007; Liu et al. 2005; Midoh and Iwata 1997) . The results suggest that SAR activity could be a second mode of action for TPC. Further investigation is thus needed to clarify the molecular mechanisms of TPC on the activation of SA-related gene expression.
Some genes were downregulated at 24 h after treatment with TPC or PBZ. These included RCI-1 after treatment with 30 μM TPC; KSL7, CYP99A2, and RBBI2-3 after treatment with 30 μM PBZ; and CYP99A2 after treatment with 100 μM PBZ. However, the levels of expression had reverted to control levels by 72 h after treatment. Hence, the downregulation of these genes is apparently transient.
This study demonstrates that TPC has two modes of action, i.e., MBI-P activity and the induction of SAR. Other fungicides have been reported to exhibit SAR activity as a second mode of action (Araki and Kurahashi 1999; Ishikawa et al. 2005; Skandalis et al. 2016; Thieron et al. 1988 ). Because of their dual actions, these fungicides, including TPC, could be important models for the production of novel fungicides.
TPC did not inhibit the growth of Psm or Xoo on LB agar at 145 μM (data not shown), suggesting that the compound has no anti-bacterial activity and that the efficacy against the pathogenic bacteria can be attributed to its SAR-inducing activity. Efficacy against bacterial pathogens is a critical factor in determining whether plant defense activators should be applied commercially. In the present study, the treatment of A. thaliana with TPC inhibited Psm considerably. Infection pressure after infiltration was severe compared to natural infection, but regardless, TPC showed significant efficacy. On the other hand, in TPC-treated rice Xoo was substantially inhibited. Xoo infected from wound of leaves, so the present study of Xoo infection was similar to natural infection. The efficacy of the control was equivalent to that after treatment with PBZ, which has been used commercially as a plant defense activator to treat rice, some Brassicaceae, and other crops. In a previous study, the response to PBZ was related to the developmental stage of rice (Iwai et al. 2007 ). According to the study, more pathogenesis-related proteins accumulate in response to PBZ in older rice leaves, such as leaf eight of 8-leaf-stage rice plants, than in younger leaves, such as leaf four of a 4-leaf-stage rice seedlings. The present study demonstrated that TPC treatment suppressed bacterial blight disease caused by Xoo at the 5-leaf stage in rice. Although the efficacy of control was not tested at a younger leaf stage, the expression of pathogenesis-related genes was induced even at the 3-leaf stage. We also demonstrated that 30 μM TPC strongly induced some genes in the SA-related pathway more than 30 or 100 μM PBZ did, which suggests that TPC may also be potent in younger rice leaves.
Some plant defense activators are known to cause growth defects (Fukumoto et al. 2013; Kano et al. 2010) ; however, Fig. 4 Relative expression levels of 10 pathogenesis-related genes following treatments with TPC and PBZ. The − ddCt for six replicates and their standard errors are indicated. Rice seedlings at the 3-leaf stage were cultured in Kimura B broth with each compound for 24 or 72 h. Total RNA was extracted and used for qRT-PCR analyses. The − ddCt for each gene was calculated on the basis of the value for acetone sections. Data were normalized against actin (AK06893). Accessions used: PBZ1 (AK071613), PR1b (AK107926), POX22.3 (AK073202), β-1,3-glucanase (AK104862), chitinase 1 (AK059767), KSL7 (AK068310), CYP99A2 (AK071546), RBBI2-3 (AK064050), RCI-1 (AK072241), and NOMT (AB692949). On the basis of Tukey's test comparing treatments against acetone controls at P < 0.05, asterisk (*) indicates upregulation, pound (#) indicates downregulation. Key to compound and concentration: gray, tolprocarb 30 µM; white, probenazole 30 µM; vertical lines, probenazole 100 µM. The x-axis labels show in order the sampling period (24, 24 h after treatment; 72, 72 h after treatment), compound (T tolprocarb, P probenazole) and its concentration (0, 30 µM; 100, 100 µM), upper and lower of whiskers, highest or lowest observations; upper or bottom line of boxes, upper or lower quartiles; middle line of boxes, medians; X, averages; circles, outliers in this study, no growth defects were observed in TPC-or PBZ-treated A. thaliana and rice plants. TPC was effective in controlling disease control without causing phytotoxicity under our conditions.
In summary, TPC has commercial potential not only as a fungicide but also as a bactericide.
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